We report on our progress and development of high speed flexible graphene field effect transistors (GFETs) with high electron and hole mobilities (~3000 cm 2 /V· s), and intrinsic transit frequency in the microwave GHz regime. We also describe the design and fabrication of flexible graphene based radio frequency system. This RF communication system consists of graphite patch antenna at 2.4 GHz, graphene based frequency translation block (frequency doubler and AM demodulator) and graphene speaker. The communication blocks are utilized to demonstrate graphene based amplitude modulated (AM) radio receiver operating at 2.4 GHz.
Introduction
Research efforts in the field of flexible GHz nanoelectronics have been gaining significant momentum recently. Research and commercial institutions are investing substantial resources in the design of flexible systems and sensors [1] [2] [3] [4] [5] [6] [7] , including the development of smart conformal devices and tags, wearable electronics, internet of things (IoTS) and other electronic gadgets that are low cost, scalable to OPEN ACCESS large areas, and mechanically robust, which is beyond the capability of conventional bulk semiconductor technologies. Moreover continuous advancements in the material synthesis of intrinsically flexible nanomaterials such as graphene, h-BN, carbon nano-tubes (CNTs) and transition metal dichalcogenides (TMDs, e.g., molybdenum disulfide-MoS2) [8, 9] have encouraged their prospects for practical electronic application. These materials are naturally more suitable for integration with flexible, soft or glass substrates owing to their two dimensional nature and can potentially offer the electronic performance needed for low-power GHz systems.
Graphene is a single sheet of carbon with very high room temperature mobility (>10,000 cm 2 /V·s ), high cutoff frequency (>300 GHz), and high electrical and thermal conductivity [2, 3, 10] . These properties of graphene make it a suitable candidate for the design of high frequency analog communication circuits, such as amplifiers, mixers, demodulators, and speakers [11] . Recent work on graphene circuits for RF applications includes: demonstration of graphene three stage integrated amplifier on Si wafer [12] and demonstration of flexible graphene circuit for a variety of digital modulation schemes [13] .
In this paper we present the state of the art flexible graphene field effect transistors (GFET) with high intrinsic fT of 18 GHz that has recently been improved to 100 GHz [14] . We also present the design and realization of the first all graphene based flexible radio frequency system. The following section discusses the design and fabrication of GFETs. Results and discussion section discuss in more detail the small signal modeling, electrical measurements (DC and RF), and mechanical flexibility and reliability evaluation of GFETs. We also discuss the design of individual graphene based radio frequency system blocks-flexible graphite patch antenna, graphene based frequency translation block (GFET doubler and demodulator), graphene speaker, and the demonstration of the first graphene based AM radio receiver. Figure 1 shows the typical device structure of our fabricated flexible graphene field-effect transistors. GFETs are typically prepared on smoothened commercial 125 µm -thick polyimide (Kapton) films. Gate fingers (evaporated 2 nm Ti/40 nm Pd) and gate dielectric films (prepared by atomic layer deposition of 10 nm-thick Al2O3 or hexagonal boron nitride films) are prepared by electron-beam lithography using JEOL-6000 FSE (JEOL USA Inc., Peabody, MA, 01960, USA). Chemical vapor deposited high-quality graphene films grown on commercial Cu-foils or films are transferred via the conventional wet-transfer process using ammonia persulfate as the Cu-etchant [10] . Active channel area of graphene and metallic electrodes for source and drain contacts are subsequently patterned via additional electron-beam lithography processes. Low power oxygen plasma is used to etch redundant graphene areas and electron-beam evaporation of 2 nm Ti/50 nm Au is used as the contact metals. Figure 1a is 3D view of freestanding polyimide film with multifingered GFET. Figure 1b is the enlarged optical image of a representative GFET fabricated on polyimide substrate. Devices with channel length of 0.25 µm and an effective width of 60 µm (six fingers with 10 µm width) are prepared for electrical measurements, which can afford GHz high frequency performance. 
Flexible Graphene RF Transistor Fabrication

Results and Discussion
Compact Model of GFET
We derived a semi-empirical compact model useful for GFET design and analysis. This model shown in Figure 2 has good agreement with DC and RF measurements [15] . In this model we have taken into account the quantum capacitance (Cq), velocity saturation (vsat), contact resistance (Rc) and access resistance (Ra). The derived drain current IDS (see Equation (1)) depends on the graphene channel width (W) and length (L), carrier density (ni), effective mobility(ueff), drain voltage (VDS), gate voltage (VGS), oxide capacitance (COX), quantum capacitance (Cq) and temperature (T). This model is described in more detail in our earlier work [15, 16] . This model is implemented in Agilent ADS for linear and nonlinear RF circuit simulation. 
where μ = .
GFET DC Measurement
Electrical measurements of fabricated GFET are routinely done at room temperature. Figure 3 shows the input and output characteristics of a flexible GFET comparing both model and measured data. The extracted carrier mobility of electrons is 9050 cm 2 /V· s and that of holes is 3000 cm 2 /V· s. Graphene FETs show velocity saturation. We attribute this to the smooth surface (surface roughness <1 nm) on polyimide substrate (with liquid polyimide curing) and high K gate dielectric (Al2O3) which will give rise to well-behaved linear current profile followed by saturation [16] .
(a) (b) 
GFET RF Measurement
S-parameter measurements were carried out on another flexible GFET device with ground-signal-ground (GSG) pads at the gate and drain terminals with the source serving as the common ground. The measurement was done using an Agilent VNA (E8361C) and cascade RF probe station. The intrinsic device data is obtained by employing a two-step de-embedding process. The device under test (GFET) can be modeled as shown in Figure 4a . The Y-parameters of the device under test were obtained from extrinsic data, and afterwards the parasitics (obtained from open and short test structures) were de-embedded to determine the intrinsic device frequency response (see Equation (2), adapted from [18] ). The open structure will help to determine parallel parasitics (Yp1, Yp2, Yp3) and the short structure will help to determine the series parasitics (Zl1, Zl2 and Zl3). These series parasitics are very critical for modern small channel FETs.
where YGFET is the Y-parameters of the intrinsic GFET, Ydut is the Y-parameter of DUT (Extrinsic GFET), Yshort is the Y-parameter of the DUT with gate, drain and source shorted, Yopen is the DUT with no graphene channel. Here, the graphene channel is etched by using reactive ion plasma etch tool. Yshort and Yopen are deembeded from Ydut to obtain the intrinsic GFET performance (YGFET). Figure 4b shows the current gain h21 of the intrinsic GFET, from which the 18 GHz fT is extracted. The extrinsic fT of the GFET is 1.8 GHz. Figure 4c shows the power gain U (dB) of the intrinsic GFET.
We obtained fmax of ~3 GHz. fT and fmax are given by Equations (3) and (4). They depend upon the transconductance gm, gate capacitance Cgs, parasitic gate-drain capacitance Cp,gs, parasitic gate-source capacitance Cp-gd and gate resistance Rg. fT can be improved by reducing channel length and design of better layouts (reduced parasitics) [19] . fT and fmax are lower for flexible devices compared to devices fabricated on rigid substrates mainly due to poor thermal dissipation of flexible polymer substrate at high fields [19] . Thermo-mechanical breakdown occurs when the local hot spot temperature exceeds the glass transition temperature of the soft substrate [2] . One solution to overcome this challenge is to employ flexible glass substrates, such as Corning "willow" glass, which offers a higher thermal conductivity than polymers or elastomers. Indeed, improved high-frequency graphene transistors have been achieved on bendable willow glass with intrinsic fT ~100 GHz and record saturation velocity for flexible graphene [14] . 
GFET Flexibility and Reliability
Mechanical flexibility of GFET is typically evaluated using custom-made manual bending test fixtures. DC probes were landed on source, drain and gate contacts. The bending of the device was increased and simultaneously DC measurements can be conducted for in situ studies. This process can be repeated until device breakdown. Our contemporary graphene transistors with patterned dielectrics can sustain bending strain of around 8.6%. At this tensile strain, the channel-resistance and mobility remained within 80% of its initial value. Strains greater than 8.6% resulted in gate dielectric breakdown and increased gate leakage [8, 19] . To improve device reliability and robustness, GFETs were encapsulated with Si3N4 and a fluropolymer (e.g., Cytop). The devices were exposed to DI-water and other wet environments to evaluate its liquid resilience. The device performance was within 80% of its initial properties even after two days of immersion in water [19] . Figure 5 shows the block diagram of a relatively simple graphene based radio frequency communication system. It consists of a graphite antenna which receives the RF signal. This is followed by an input match network for impedance matching between the antenna and graphene based frequency translation block (mixer or demodulator) that function as an RF signal down-converter. The low frequency output of the frequency translation block or mixer is connected to a graphene speaker through an output matching network. In the following subsections we describe the realization of graphene RF communication circuits. We designed and fabricated a graphite based microstrip patch antenna at 2.4 GHz on flexible polyimide substrate (Figure 6a ). The performance of this antenna is similar but relatively more lossy than copper based patch antenna. This antenna is designed towards the goal of achieving an all graphene/carbon flexible RF receiver system. The antenna was designed using a graphite sheet since it is more conductive than monolayer graphene at microwave frequencies [20] . Graphite sheets offer superior flexibility and thermal conductivity compared to copper, albeit lower electrical conductivity. It is expected that flexible planar antennas based on graphite sheets are compatible with roll to roll manufacturing for large-area or high volume applications. In addition, the DC conductivity of intercalated graphite antennas can be tuned for the design of sensors and reconfigurable RF systems [21] . The antenna simulation results from a 3D electromagnetic solver, (CST) and experimental measurements are shown in Figure 6b To investigate the flexibility of the antenna, convex bending tests were carried out as shown in Figure 7a . The antenna was placed in the middle of a test vice fixture and mechanically bent (see Figure 7b) . The S11 was measured in situ for each bending radius (see Figure 7c) . The resonant frequency changes are relatively small down to ~30 mm bending radius. This result offers new opportunity for carbon/graphene RF electronics that can be integrated with flexible substrates, including bendable GHz electronics and antennas. 
GFET Based Flexible Receiver
Frequency Translation Block
We describe in the following subsections two types of frequency translation blocks, GFET doublers and demodulators. GFET doubler is a frequency multiplier which can enable the realization of very high frequency communication circuits on soft substrates. On the other hand, a GFET demodulator described here does AM demodulation from carrier frequency to baseband. In general, graphene transistors can Graphite antenna Absorber also be modified to serve as a demodulator for a variety of communication schemes, such as amplitude shift keying (ASK), frequency shift keying (FSK) and phase shift keying (PSK) modulations [13] .
(1) GFET Doubler
We designed and fabricated a graphene doubler on flexible PI substrate. We will first discuss the operating principle of a GFET doubler. The input and output characteristics of an ideal square law transistor doubler are depicted in Figure 8 . It has ambipolar input characteristics (even symmetry) due to current conduction by both holes and electrons. For positive gate bias (VGS > Vdirac) electrons conduct and for negative gate bias (VGS < Vdirac) holes conduct. Ideally, the Dirac voltage should be around 0 V. The drain current IDS is proportional to VGS 2 . On the other hand, the output current characteristic is linear (odd symmetry) with respect to the drain bias, VDS. Using these two properties of an ideal square law device in our transistor model ( Figure 2 ) we can derive an approximate expression for the output voltage:
where g0 and γ are scaling factors, and RL is the load resistor. These parameters and coefficients are described in detail in our previous works [17, 22] . In Equation (5) we have neglected higher order terms in the simplified analysis. This working description clearly shows that GFET biased at Dirac point can be used as a frequency doubler [17] . In practice, there are several sources of non-idealities that can degrade doubler performance including charged impurities and contact resistance with consequent reduction of electron-hole symmetry and gate modulation.
We fabricated a prototype GFET doubler biased at the Dirac point using the above concept. Figure 9a shows the schematic of the frequency doubler. A function generator is used to apply the RF input. Bias-Tees are used for input and output routing for DC bias, and an oscilloscope as the load to the doubler. Figure 9b shows the power spectrum. The conversion gain of our doubler is −29.5 dB [16] . This is relevant in the context of (flexible) RF transmitters which typically requires frequency upconversion. (2) GFET AM Demodulator
In our goal towards the demonstration of a flexible graphene AM radio, we designed and fabricated a flexible GFET demodulator. The demodulator circuit is as shown in Figure 10a . The input is an AM modulated signal (2 KHz modulation frequency, 400 MHz carrier frequency). The output is connected to an oscilloscope through a low pass filter. Smoothening capacitors are used at the output to limit the spectra to the audio range. The GFET is biased close to the Dirac point. The ambipolar characteristic of GFET at the Dirac point (see Equation (5)) makes it to act as a square law AM demodulator. Low pass filtering is necessary at output to filter out higher order harmonics that are also produced. The gain of the demodulator is ~−34 dB (Figure 10b,c) . The gain performance is on the low end for the current devices due to parasitics from the source and drain contacts and interconnects. The GFET demodulator, resistors and capacitors (Cc1 and Cc2 surface mount device components) are mounted on the flexible polyimide substrate.
(a) Figure 10 . Cont. 
Flexible Graphene Speaker
Graphene along with its outstanding electrical and mechanical properties has very good thermal-acoustic characteristics. It offers very small heat capacity per unit area making it suitable as a thermo-acoustic speaker [23, 24] . These graphene speakers are becoming quite attractive owing to its potentially low manufacturing cost, light weight, low power consumption and also high flexibility. Recently, Tian et al. demonstrated flexible graphene based speaker on a paper substrate [23, 24] . In this light, we have designed and fabricated a flexible mono layer graphene speaker on PI substrate as shown in Figure 11 . CVD grown monolayer graphene (1 cm 2 ) is transferred onto a smoothened PI substrate. Gold/Silver metal contacts are deposited at the two edges of graphene. Baseband demodulated signal from receiver is applied to the two contacts. These signals create thermal oscillations at the graphene-air interface, which are then converted to sound waves. The measurement of the sound waves from this speaker is performed using a microphone and signal analyzer (See Figure 11b) . The distance between the microphone and speaker is kept at 3 cm. This speaker performance is as shown in Figure 11c . It also shows the comparison with commercial speaker.
These speakers provide a sound pressure level (SPL) of 25-50 dB in the audio frequency range. The speaker power at high frequencies is given by Equation (6) [23] . It mainly depends on frequency of sound (f), heat capacity of air (γ), velocity of sound in air (vg) thermal effusivity of PI substrate (es) and air (ea) [23] .
Future research towards monolithic graphene nanosystems requires integration of the speaker with the AM radio receiver. The performance of this speaker at low frequency can be improved by high quality graphene film, waveguide design and fabrication of suspended graphene speakers.
Graphene AM Radio Receiver
A graphene based flexible AM radio receiver at 2.4 GHz was designed and fabricated based on the block diagram of Figure 9 . The receiver consists of a graphite antenna, GFET demodulator and speaker. The receiver is fabricated on a polyimide flexible substrate. The AM input signal is obtained from a signal generator (2.45 GHz carrier signal) and transmitted by a horn antenna. The signal is received by the graphite antenna and demodulated using the GFET demodulator based on the ambipolar graphene characteristics at the Dirac point. The output of the demodulator is connected to the speaker [25] .
The schematic of the AM radio receiver is shown in Figure 12a . The input matching network is used for impedance matching between the antenna (La, Ra) and GFET input impedance. The output matching network has two functions: (i) impedance match between output of GFET and graphene speaker load (Ro) and (ii) low pass filtering of the demodulated signal. Figure 12b shows the fabricated receiver. The passive components-inductors, capacitors and resistors are currently realized using surface mount device (SMD) components. The receiver measurements were carried out in a custom built anechoic chamber. Bending tests (~30 mm radius) were successfully carried out. The performance changes are small due to the flexibility of substrate, antenna, graphene FET and transmission lines. The link budget of the flexible graphene receiver is estimated to be −46dB. In this estimation we have considered path loss to be −1dB/cm for 6cm signal propagation through air, graphite antenna loss to be 5dB, and GFET demodulator circuit gain to be -35dB. The current AM receiver suffers from very high noise output due to lossy (un-optimized) demodulator. To obtain larger signal to noise ratio and amplitude, a GFET low noise amplifier could be incorporated at the input. The performance could be further improved with optimized design of the demodulator and interconnects.
Conclusions
In this article on the research progress towards flexible integrated graphene nanosystems, we demonstrate the feasibility of an all graphene/carbon flexible RF communication receiver. We have shown state of the art flexible GFET with high cutoff frequency in the microwave GHz regime. We have also investigated the realization and performance of GFET doubler and demodulator, flexible graphene speaker, flexible graphite antenna and carbon based AM receiver. Improved receiver performance can be achieved with the use of semiconducting layered atomic materials such as MoS2 and black phosphorous for high-gain baseband amplifiers and mixed signal circuits.
